Reactogenicity of live-attenuated Vibrio cholerae vaccines

is dependent on flagellins by Rui, H et al.
 1
Classification: Biological Sciences, Microbiology 
 
Reactogenicity of live-attenuated Vibrio cholerae vaccines 
is dependent on flagellins 
 
Haopeng Rui 1, 2, 4* Jennifer M. Ritchie 1, 2* Roderick T. Bronson 2 Yuanxing Zhang4  
John J. Mekalanos 2 and Matthew K. Waldor 1, 2, 3# 
 
1Channing Laboratory, Brigham and Women’s Hospital, 181 Longwood Ave., Boston 
MA 02115, and 2Harvard Medical School, 200 Longwood Ave., Boston MA 02115, 
3Howard Hughes Medical Institute, 4State Key Laboratory of Bioreactor Engineering, 
East China University of Science and Technology, Shanghai, China 
 
*contributed equally 
 
For correspondence:  
Matthew K. Waldor 
Brigham and Women’s Hospital, 
181 Longwood Ave., Boston MA 02115 
Tel: 617 525-4646 Fax: 617 525-4660 
mwaldor@rics.bwh.harvard.edu
 2
Abstract 
Cholera is a severe diarrheal disease caused by the motile gram-negative rod Vibrio 
cholerae.  Live-attenuated V. cholerae vaccines harboring deletions of the genes 
encoding cholera toxin have great promise for reducing the global burden of cholera. 
However, development of live vaccines has been hampered by the tendency of such 
strains to induce non-choleric ‘reactogenic’ diarrhea in human subjects.  The molecular 
bases of reactogenicity are unknown, but it has been speculated that reactogenic diarrhea 
is a response to V. cholerae’s flagellum and/or the motility that it enables.  Here, we used 
an infant rabbit model of reactogenicity to determine what V. cholerae factors trigger this 
response. We found that V. cholerae ctx mutants that produced flagellins induced 
diarrhea, regardless of whether the proteins were assembled into a flagellum or whether 
the flagellum was functional.  In contrast, ~ 90% of rabbits infected with V. cholerae 
lacking all 5 flagellin-encoding genes did not develop diarrhea. Thus, flagellin 
production, independent of flagellum assembly or motility, is sufficient for 
reactogenicity. The intestinal colonization and intra-intestinal localization of the non-
reactogenic flagellin-deficient strain were indistinguishable from those of a flagellated 
motile strain; however, the flagellin-deficient strain stimulated less mRNA transcripts 
coding for pro-inflammatory cytokines in the intestine.  Thus, reactogenic diarrhea may 
be a consequence of an innate host inflammatory response to V. cholerae flagellins.  Our 
results suggest a simple genetic blueprint for engineering of defined non-reactogenic live-
attenuated V. cholerae vaccine strains.   
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\body 
Introduction 
 Cholera is a severe diarrheal disease that is caused by Vibrio cholerae, a motile 
curved gram-negative rod. This disease remains a significant threat to health in many 
parts of the developing world, especially in Africa and Asia. It is estimated that there are 
several million cases of cholera in the world annually (1) and that more than 100,000 
people per year die from this infection.  Although re-hydration therapy is effective and 
greatly reduces mortality when available, the continued burden of cholera, particularly in 
regions with socio-economic disruptions, has prompted the recommendation that 
vaccines to protect against infection with El Tor biotype V. cholerae, the cause of the 
ongoing 7th pandemic, be developed (2).  
 V. cholerae is a non-invasive enteric pathogen.  Humans contract cholera 
following ingestion of water or food that is contaminated with this organism. Bacteria 
that survive passage through the acidic gastric barrier colonize the small bowel, where 
they produce cholera toxin (CT), an A-B5-subunit type exotoxin. CT is thought to be the 
principal factor underlying the severe secretory diarrhea that is characteristic of cholera 
(3).   
 Since the initial cloning of ctxAB, the genes encoding the A and B subunits of CT 
(4), there have been several attempts to engineer live-attenuated V. cholerae vaccine 
strains via deletion of ctxA, which encodes the toxic moiety of CT (5). To date, ctxA live-
attenuated oral V. cholerae vaccine strains have shown promise, but many of the 
candidate vaccine strains have led to side effects in volunteers. Such side effects, often 
referred to as vaccine ‘reactogenicity’, include non-choleric diarrhea and abdominal 
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cramps (5).  Comparative analyses of vaccine candidates suggests that reactogenicity may 
be linked to V. cholerae’s single polar flagellum and/or to bacterial motility. The vaccine 
strain Peru-3, a ctxA derivative of a Peruvian El Tor clinical isolate, caused diarrhea, 
whereas Peru-15, a spontaneously derived non-flagellated (non-motile) derivative of 
Peru-3, did not (6, 7).  Both strains engendered protection against challenge with wild 
type V. cholerae in human trials, suggesting that the lack of reactogenicity is not simply 
due to a failure of Peru-15 to colonize. However, despite these findings, the precise cause 
of reactogenic diarrhea has not been identified, and the nature of the genetic changes that 
distinguish Peru-15 from Peru-3 remain unknown.   
Several (not necessarily exclusive) hypotheses regarding the origins of 
reactogenicity have been proposed. One possibility is that flagellation and motility enable 
V. cholerae to penetrate the mucus layer covering the intestinal epithelial surface, and 
that the close proximity of the organism to the apical surface of epithelial cells elicits an 
inflammatory response that results in diarrhea (8). Additionally, it is possible that 
reactogenicity is induced by toxins still produced by the ctxA mutant, such as zonula 
occludens toxin, accessory cholera enterotoxin, hemolysin A, MARTX toxin, and/or 
hemagglutinin/protease, through direct enterotoxicity and/or through pro-inflammatory 
effects (9). The effect of these factors might be potentiated by close contact between the 
bacteria and the epithelium. Finally, recent work using tissue culture models has led to 
the hypothesis that the 5 V. cholerae flagellins, which have been demonstrated to activate 
the Toll-like receptor 5 (TLR5) signaling pathway, could directly lead to reactogenic 
diarrhea by stimulating production of proinflammatory cytokines in the intestine (10, 11).  
Detection of lactoferrin and fecal leukocytes in the stools of volunteers with reactogenic 
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diarrhea (12, 13) supports the idea that intestinal inflammation is associated with vaccine 
reactogencity.   
 Investigation of the molecular basis of V. cholerae vaccine reactogenicity has 
been hampered by the lack of an animal model.  However, recently we found that infant 
rabbits can serve as a model for severe cholera as well as for the reactogenic diarrhea 
caused by V. cholerae ctxA mutants. Oro-gastric inoculation of wild type V. cholerae into 
infant rabbits that had been pre-treated with cimetidine led to lethal, watery diarrhea in 
virtually all animals. Rabbits inoculated with wild type V. cholerae usually died ~24-30 h 
later; in contrast, rabbits inoculated with an isogenic V. cholerae ctxAB mutant exhibited 
no or minimal signs of disease during this time period.  However, 36-60 h after 
inoculation of the ctxAB mutant, most of the animals developed non-choleric ‘fecal 
diarrhea’.     
 Here, we used infant rabbits to explore the genetic basis of reactogenic diarrhea. 
We found that the reactogenic vaccine strain Peru-3 caused diarrhea in most rabbits, 
whereas the non-reactogenic strain Peru-15 did not, thereby validating the relevance of 
the rabbit model for study of reactogenicity. Subsequently, we used an isogenic set of 
defined mutants to determine whether motility per se, production of a flagellum, or 
production of flagellin proteins underlies reactogenicity. These experiments revealed that 
neither motility nor a flagellum was required to induce reactogenic diarrhea; instead, 
production of flagellin proteins was sufficient cause. The intestinal colonization and the 
intra-intestinal localization of the non-reactogenic flagellin-deficient strain were 
indistinguishable from those of a flagellated motile strain; however, the flagellin-
deficient strain stimulated less mRNA transcripts coding for proinflammatory cytokines 
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in the intestine. These data are consistent with the possibility that reactogenic diarrhea is 
linked to an innate host inflammatory response to V. cholerae flagellins, and they suggest 
a simple genetic blueprint for creation of defined non-reactogenic live-attenuated V. 
cholerae vaccine strains.   
  
Results 
Non-reactogenic V. cholerae vaccine strains do not elicit diarrhea in an infant rabbit 
model of disease. 
 In our recent work developing an infant rabbit model of cholera pathogenesis, we 
noted that infant rabbits infected with V. cholerae lacking ctxAB developed non-choleric 
diarrhea, and proposed that this animal model might also be useful for study of vaccine 
reactogenicity. Animals infected with a C6706 ctxAB mutant (here termed Peru-NT), a 
derivative of a 1991 El Tor Peruvian clinical isolate (14) were contaminated with loosely 
adherent fecal material on their perineums, hind legs, and tails by ~36-60 h after 
inoculation (Fig. 1). At necropsy the large intestine contained soft, unformed fecal 
material; in contrast, the intestines of mock-infected rabbits contained hard, formed 
pellets. This “fecal” diarrhea appeared markedly different from the watery, mucin-rich 
fluid released from rabbits infected with wt V. cholerae, which closely approximates the 
“rice-water stool” produced by cholera patients.  Fecal diarrhea was subjectively 
classified as severe (e.g. Fig. 1A) or mild (e.g. Fig. 1B) based upon the amount of 
adherent feces. Almost all (13 of 18) rabbits infected with Peru-NT developed severe 
diarrhea, and only 1 remained clear of any fecal contamination.  Diarrhea spontaneously 
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remitted by ~ 80 h after inoculation. In control experiments, we found that no rabbits (0 
of 13) inoculated with buffer alone developed diarrhea.  
  To confirm the relevance of this animal model for studies of vaccine 
reactogenicity, we compared the signs of disease exhibited by infant rabbits inoculated 
with either Peru-3 or Peru-15, two live-attenuated ctxA mutant vaccine strains that have 
been tested in humans. Volunteers inoculated with Peru-3 often developed self-limiting 
diarrhea, whereas diarrhea was not observed in volunteers who received Peru-15 (6, 7). 
Similarly, we found that most (12 of 18) rabbits inoculated with Peru-3 developed 
diarrhea, while only 2 of 13 rabbits inoculated with Peru-15 exhibited diarrhea. These 
observations suggest that infant rabbits are a valid model host for study of reactogenic 
diarrhea caused by ctx mutant live-attenuated V. cholerae vaccine strains. 
 
Reactogenicity depends on flagellins but not motility 
Peru-15 was isolated as a spontaneous non-motile derivative of Peru-3 (7), and 
the mutation(s) that render Peru-15 non-flagellated (and hence non-motile) are not 
known.  In principle, the difference between the reactogenicity of Peru-3 and Peru-15 
could result from Peru-15’s lack of a flagellum and/or flagellar proteins, from the strain’s 
lack of motility, or even from a mutation not linked to flagellation/motility.  Furthermore, 
the differences between these strains might not have a direct connection to diarrheagenic 
pathways, but might instead be indirectly coupled, for example, via differences in their 
capacities to colonize the rabbit intestinal tract. To begin to distinguish among these 
possibilities, we generated derivatives of Peru-NT containing a variety of mutations 
within genes needed for flagellar assembly and/or activity. Flagellar synthesis is a 
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complex process that is coordinately regulated with several virulence-linked pathways 
(15); however, the mutations generated for this study only disrupt the synthesis of the 
individual flagellins and are not expected to influence other processes. 
 V. cholerae encodes 5 distinct flagellins, which are encoded within 2 operons, 
flaAC and flaDBE (16).  All of these flagellins are thought to be incorporated into V. 
cholerae’s single polar flagellum (visible in Fig 2B); however, incorporation is dependent 
upon flaA.  In the absence of flaA, the synthesis of other flagellins does not appear to be 
altered, but these flagellins are secreted, rather than incorporated into a filament (10).   
We generated derivatives of Peru-NT lacking 1 or more flagellin-encoding gene(s).  
Mutants lacking flagellins other than flaA were flagellated and motile, as expected, while 
strains lacking flaA were non-flagellated and non-motile (Figs 2A & Fig. S1).  The 
relative levels of flagellins produced by these strains are shown in Fig. 2C.  As expected, 
Peru-NT∆flaABCDE, a strain deleted for all 5 V. cholerae flagellins, did not produce 
detectable flagellins (Fig 2D).  We also generated a strain lacking motB, which encodes a 
component of the flagellar motor.  This mutant synthesizes wild type levels of flagellins 
and assembles a flagellum (Figs 2D & S1); however, this flagellum does not turn and 
consequently the bacteria are non-motile (Fig. 2A) (17).  None of the mutants used in this 
study displayed any significant defects in growth in vitro.    
We initially compared the diarrhea caused by Peru-NT, Peru-NT∆flaABCDE, and 
Peru-NT motB after their oro-gastric inoculation into infant rabbits.  The majority (73%) 
of rabbits infected with the motB mutant developed diarrhea, a frequency that did not 
differ significantly from that observed with Peru-NT (94%). In marked contrast, 
PeruNT∆flaABCDE led to diarrhea in only 12% (4 of 32) of inoculated rabbits (Fig 1D; P 
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<0.0001 relative to Peru-NT). Together, these data are consistent with the possibility that 
a functional flagellum (i.e. motility) is not required to induce reactogenicity, but that 
production of flagellin proteins and/or a flagellar structure are critical.    
To assess whether the flagellum itself is required for diarrhea, and to begin to 
decipher which flagellin(s) promote reactogenic diarrhea, we infected rabbits with 
derivatives of Peru-NT that lacked a subset of V. cholerae’s flagellin-encoding genes. 
Two non-flagellated strains, Peru-NT∆flaA and Peru-NT∆flaACD (Fig S1), also caused 
diarrhea (Fig 1D), albeit at a significantly lower frequency than Peru-NT (P< 0.01 for 
both strains versus Peru-NT). Therefore, the flagellum filament is not essential for 
induction of diarrhea. Since flagellins are thought to be secreted in the absence of 
flagellum production, these observations suggest that extracellular flagellin monomers 
can induce reactogenic diarrhea. Furthermore, diarrhea does not appear to be linked to a 
particular flagellin monomer. As noted above, strains lacking flaA caused diarrhea; 
additionally, rabbits inoculated with Peru-NT∆flaBCDE and Peru-NT∆flaABCDE pSW-
flaA (which expresses flaA from a low copy vector) developed diarrhea. Thus, no 
individual flagellin is essential for induction of diarrhea, although flaA appears to be 
sufficient. Notably, all of the strains lacking at least one but not all flagellin-encoding 
gene(s) differed significantly from both Peru-NT and Peru-NT∆flaABCDE in their 
frequency of causing diarrhea. This result suggests that although a subset of flagellins can 
be sufficient to induce reactogenic diarrhea, the full complement of flagellins is a more 
potent stimulus. There does not appear to be a precise correlation between reactogenicity 
and net production of flagellin monomers (compare Figs. 1D and 2C); however, it is quite 
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possible that the abundance of cell-associated monomers does not accurately reflect the 
level of secreted monomers.   
 
Differential intestinal colonization or localization of Peru-NT flagellin mutants does 
not account for reactogenic diarrhea  
 It is possible that the results presented above do not indicate a direct reactogenic 
role for flagellin proteins, but instead reflect differences among the colonization 
capacities of the various strains. To explore this possibility, we determined the number of 
colony forming units (CFU) recovered for each strain in intestinal tissue homogenates 3 
days after their inoculation into infant rabbits. All strains robustly colonized the mid- and 
distal portions of the small intestine (~1010 CFU g-1) as well as the mid-colon. The 
number of CFU recovered from animals infected with the flagellin mutants did not differ 
significantly from the number of Peru-NT CFU recovered at any site (Fig. 3). These 
findings argue strongly against the idea that the capacity of these strains to colonize the 
intestine, at least as assessed by CFU recovered in intestinal homogenates, correlates with 
their stimulation of diarrhea. 
 Although the numbers of Peru-NT and Peru-NT∆flaABCDE CFU recovered from 
the intestine were similar, the fine localization of these strains within the intestine could 
differ, given their dramatic differences in motility. To address this issue, we visualized 
Peru-NT and Peru-NT∆flaABCDE within infected tissues using confocal microscopy.   
Unexpectedly, we observed that these strains exhibited very similar patterns of 
localization in the small and large intestine. Like Peru-NT, the non-motile Peru-
NT∆flaABCDE could be found in close apposition to all parts of the villous surface as 
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well deep in the crypt-like structures of the infant rabbit intestine (compare Fig 4A and C 
to Fig 4B and D). This observation strongly suggests that flagellar-based motility is not 
required for V. cholerae to gain access to the intestinal crypts or to get close to the 
epithelial surface in this model host. In the large intestine, both strains were usually found 
in the lumen (Fig. 4E) frequently covering the surface of digesta (Fig. 4F), and 
occasionally in close proximity to the colonic epithelium.   
 
Peru-NT and Peru-NT∆flaABCDE differ in their stimulation of proinflammatory 
cytokines 
  Bacterial flagellin proteins, including all five V. cholerae flagellins, are known to 
stimulate production of proinflammatory cytokines by activation of Toll-like receptor 5 
(TLR5) (10, 11, 18). We therefore measured the relative abundance of transcripts for 
several cytokines in tissue homogenates from rabbits infected with Peru-NT or Peru-
NT∆flaABCDE compared to those in mock-infected rabbits. We found that both strains 
led to elevations in transcripts for all cytokines measured compared to mock-infected 
rabbits (Fig 5). However, there were ~4 fold lower amounts of IL-8 and IL-1β transcripts 
in tissue homogenates from the distal small intestines of rabbits infected with Peru-
NT∆flaABCDE compared to those from rabbits infected with Peru-NT (Fig 5A). 
Similarly, there were significantly fewer TNFα and IL-1β transcripts in tissue samples 
from the mid-colons of Peru-NT∆flaABCDE infected rabbits than in Peru-NT-infected 
animals (Fig 5B). Histologic examination of tissue sections from infected rabbits revealed 
that there were few to no heterophils (the rabbit equivalent of neutrophils) in samples 
from the small intestine; however, moderate numbers of heterophils were seen in the 
 12
lamina propria, crossing the epithelium and amidst the digesta of the mid colon. There 
appeared to be more heterophils in colonic samples from Peru-NT- compared to Peru-
NT∆flaABCDE-infected rabbits, although this trend did not reach statistical significance.  
 
Discussion 
Live-attenuated V. cholerae vaccines have great promise for reducing the global 
burden of cholera, since a single oral dose often engenders long-lived protective 
immunity (5). However, development of such vaccines has been hampered by their 
reactogenicity. The molecular bases of reactogenicity are not known, but it has been 
speculated, based on the absence of reactogenic diarrhea associated with Peru-15, a non-
flagellated V. cholerae ctxA mutant, that symptoms are a response to V. cholerae’s 
flagellum and/or the motility that it enables (7, 8). Here, we used an infant rabbit model 
of reactogenicity to better define the V. cholerae factors that contribute to this host 
response to earlier vaccine prototypes. We found that V. cholerae ctx mutants that 
produced flagellins induced diarrhea, regardless of whether the proteins were assembled 
into a flagellum or whether the flagellum was functional. In contrast, this response was 
absent in ~ 90% of rabbits infected with V. cholerae lacking all 5 flagellin-encoding 
genes. Thus, our findings indicate that flagellin production, independent of motility or the 
flagellum, is sufficient for reactogenicity.  
 Previous studies have demonstrated that flagellins have proinflammatory effects 
that can contribute to diarrhea. Flagellins have been found to interact with TLR5 and to 
trigger MyD88 and NF-κB-dependent transcription of proinflammatory cytokines (19). 
Notably, all five V. cholerae flagellins, which can be secreted independently of flagellum 
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filament assembly, contain the amino acid motif that stimulates TLR5, and purified V. 
cholerae flagellins were found to elicit TLR5-dependent IL-8 secretion from T84 cells 
(10). In addition, flagellins have been shown to activate the NLRC4-inflammasome, 
promoting IL-1β maturation and secretion (20-22). Release of IL-1β and other pro-
inflammatory cytokines can induce diarrhea via several processes. For example, TNFα 
induces contraction of the actomyosin ring that controls tight junctions, resulting in 
diminished epithelial barrier function (23). In addition, IL-8 is chemotactic and promotes 
an influx of inflammatory cells. Neutrophil-derived 5’-AMP can lead to diarrhea by 
promoting Cl-secretion (23). Collectively, these factors disrupt the equilibrium between 
the typical absorptive and secretory functions of the intestinal epithelium. 
   Consistent with the model outlined above, we observed flagellin-dependent 
increases in transcripts for several proinflammatory cytokines in tissue samples from 
infected rabbits. We found that transcripts for IL-8 and IL-1β were increased ~8-fold in 
tissue samples from the small intestines of rabbits infected with Peru-NT, while their 
abundance in tissue from the small intestines of rabbits infected with Peru-
NT∆flaABCDE differed by only ~2-fold from those of mock-infected rabbits. We also 
detected statistically significant differences between the induction of TNFα and IL-1β in 
tissue samples from the large intestines of Peru-NT and Peru-NT∆flaABCDE-infected 
rabbits. Our data are consistent with the hypothesis that flagellins are released in the 
rabbit intestine and induce synthesis of cytokines. However, if this process is dependent 
upon TLR5, it is unclear how the flagellins reach TLR5, which is found on the 
basolateral membrane of intestinal epithelial cells (24). It is also not currently known 
which site (small vs large intestine) is the primary source of reactogenic diarrhea.  
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Histologic analyses of the small intestine did not reveal an inflammatory response, while 
mild to moderate inflammation was detected within the large intestines both of Peru-NT 
and Peru-NT∆flaABCDE-infected rabbits. The latter finding may reflect the fact that IL-8 
transcripts were elevated in this tissue in response to both bacterial strains. Collectively, 
these data suggest that an inflammatory infiltrate (i.e., heterophils) is not sufficient to 
induce diarrhea, although it may be a contributing factor. Perhaps the effects of such cells 
must be coupled to additional factors, such as the relative elevation of transcripts for 
cytokines that do not act as chemoattractants. Alternatively, it is possible that flagellins 
prompt reactogenicity through processes in addition to, or independent of, 
proinflammatory cytokines.  
Our observations provide evidence against the idea that additional V. cholerae 
toxins, such as hemolysin A, MARTX toxin, or hemagglutinin/protease, are major 
contributors to reactogenicity. Satchell and colleagues have proposed that these three 
toxins contribute to reactogenicity by promoting inflammation, primarily based on 
studies using a lung infection model (25). However, all of these factors were intact in 
Peru-NT∆flaABCDE, which caused diarrhea in only 12% of rabbits. Furthermore, we 
found that 10 of 14 (71%) rabbits inoculated with a Peru-NT derivative deleted for hlyA, 
hap, and rtx still developed diarrhea, again suggesting that the toxins they encode are not 
the principal factors underlying reactogenicity.  It is possible that these factors contribute 
to the diarrhea observed in the small minority of rabbits inoculated with Peru-
NT∆flaABCDE. 
Our findings also argue against the idea that intestinal colonization per se leads to 
diarrhea. No correlation was observed between the presence or absence of diarrhea in 
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infected rabbits and the extent of colonization. In fact, there was no detectable difference 
between the number of CFU of Peru-NT and Peru-NT∆flaABCDE recovered from 
intestinal homogenates at 3 days post-infection. Furthermore, colonization of the large 
and small intestine by Peru-NT continued at a constant or even increasing level by day 6 
post-inoculation, even though diarrhea had ceased by this point. Future studies can 
explore the processes which account for the resolution of diarrhea despite continued 
bacterial presence within the intestine.  
Our experiments unexpectedly revealed that the localizations of Peru-NT and 
Peru-NT∆flaABCDE within the intestine were indistinguishable. Both strains colonized 
throughout the small intestine, including deep within the crypts, and were found in close 
apposition to the intestinal epithelium. Thus, V. cholerae does not appear dependent upon 
flagellar-based motility for spread within intestinal sites in this model. Flagella-
independent motility has been observed for V. cholerae (26, 27), although the precise 
mechanism(s) underlying this process has not been identified.  
Finally, our findings suggest a relatively straightforward approach to create 
genetically defined live-attenuated V. cholerae vaccine strains. Deletion of the two loci 
encoding the V. cholerae flagellins should render ctxA mutant strains non-reactogenic, 
while not impairing their ability to colonize the host. Furthermore, based on existing 
clinical data from trials of Peru-15, which does not produce flagellins, these potent 
activators of innate immunity are not required to generate protective immunity against V. 
cholerae (28). Nonetheless, the genetic plasticity of V. cholerae, as illustrated by the 
emergence of V. cholerae O139 in 1992 (29), will almost certainly require construction 
of new vaccine strains. We propose that deletion of the genes encoding flagellin be a 
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standard part of the blueprint for creation of new live-attenuated V. cholerae vaccine 
strains, and perhaps those of live-attenuated vaccines protecting against other enteric 
pathogens as well.   
 
Materials and Methods 
Strains, plasmids, and culture conditions.  The V. cholerae strains used in this study 
are all derivatives of the El Tor clinical isolate C6706 and are listed in Table S1. In 
addition to the genotypes noted within the text, all strains contained a chromosomal copy 
of gfp-mut3, under the control of the lac promoter, integrated within lacZ. Thus, these 
strains could be visualized with fluorescence microscopy. All bacterial strains were 
routinely grown in Luria-Bertani (LB) medium. For animal experiments, strains were 
grown overnight at 30°C. Antibiotics were used at following concentrations: 
streptomycin, 200 µg mL-1; spectinomycin, 50 µg mL-1; and carbenicillin, 50 µg mL-1.  
The deletion mutants were constructed in C6706 ctxAB lacZ::gfp by allelic 
exchange using vectors based on pCVD442 as described (30). Details of the construction 
of the allele exchange vectors are available upon request. All mutants were confirmed by 
PCR analysis. Plasmid pJZ111 was used to introduce a gene encoding GFPmut3 into the 
V. cholerae lacZ locus. A derivative of the plasmid pSW25T, which is stably maintained 
in V. cholerae in vitro and in vivo without selection, was used to re-introduce the intact 
flaA gene under the control of its native promoter into Peru-NT∆flaABCDE. 
 
Infant rabbit model.  Infant rabbit experiments were carried out as described in work 
published elsewhere. Briefly, 3-day old infant rabbits were treated with cimetidine (50mg 
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kg-1 IP) 3 h prior to oro-gastric inoculation with V. cholerae strains. In all experiments, 
rabbits were inoculated with ~1 x 109 CFU of V. cholerae suspended in sodium 
bicarbonate solution (2.5 g in 100mL; pH 9). The rabbits were monitored twice daily for 
signs of illness. Diarrhea was scored as follows: none, no fecal material evident on the 
perianal area, tail or hind limbs; mild, light fecal staining of the perineum or hind legs or 
tail; severe, fecal material consisting of unformed or liquid stool staining large portions of 
the perineum, hind legs, and tail (see Fig 1A-B). The rabbits were usually necropsied at 3 
days post-inoculation, and samples collected for histologic and microscopic analyses, 
RNA extraction, as well as for determining the numbers of V. cholerae CFU g-1 of tissue. 
Some rabbits were necropsied at 6 days post-inoculation. The infant rabbits were housed 
together with the adult female. To limit litter-specific effects, at least two independent 
litters were used to test each mutant.  
 
Confocal microscopy.  Intestinal tissue was prepared for confocal microscopy as 
previously described. Briefly, tissue segments were fixed for 2 h in 4% paraformaldehyde 
(in PBS) on ice then transferred into 30% sucrose (in PBS) at 4°C overnight. After 
washing in PBS, tissue segments were embedded in OCT compound quick-frozen and 
sectioned. Slides were stained for 1 h with Alexa Fluor 568 phalloidin (1/50; A12380, 
Invitrogen) and/or Alexa Fluor 633 wheat germ agglutinin (1/200; W21404, Invitrogen) 
at room temperature in the dark. After washing, the slides were counterstained with 4'-6-
Diamidino-2-phenylindole (DAPI 1 µg mL-1) and examined using a Zeiss LSM 510 Meta 
upright confocal microscope.  
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RNA isolation and quantitative real-time PCR.  Quantitative real-time PCR (QPCR) 
assays were performed as previously described (31). Briefly, RNA was isolated from 
tissue sections homogenized in Trizol (Invitrogen), then treated with DNase I (Ambion) 
on RNeasy mini columns (QIAGEN). Specific DNA primers, which were designed using 
Primer Express 2 software, were used for the reverse transcription reactions (sequences 
are available on request). Each RT reaction mixture contained 5 µg RNA. SYBR Green 
PCR master mix and an ABI Prism 7000 (Applied Biosystems) were used to perform 
QPCR experiment. GAPDH was used as a control gene, and all genes transcript levels 
were normalized to GAPDH transcript levels using the ∆∆CT method as described (32). 
 
Acknowledgements 
We are grateful to Liza Shahknovich, Jay Zhu and Frederique LeRoux for strains and 
plasmids, and Linda McCarter for flagellin antisera. We thank Brigid Davis for critical 
review of the manuscript, Lay Hong Ang in the Harvard Digestive Disease Centre for 
help with confocal microscopy.  Work in MKW’s laboratory was supported with grants 
from NIAID (R37-AI42347), HHMI, the Institute for One World Health, the Harvard 
Catalyst (NIH Grant #UL1 RR 025758-02) and a Fellowship from China Scholarship 
Council (H.R). Work in JJM’s laboratory is supported by NIAID (R01-AI018045).   
 
References 
1. WHO (2003) Cholera unveiled. World Health Organization. 
2. WHO (2001) Cholera vaccines. Wkly Epidemiol Rec 76: 117-24. 
 19
3. Sanchez J & Holmgren J (2008) Cholera toxin structure, gene regulation and 
pathophysiological and immunological aspects. Cell Mol Life Sci 65: 1347-60. 
4. Mekalanos JJ, Swartz DJ, Pearson GD, Harford N, Groyne F, et al. (1983) 
Cholera toxin genes: nucleotide sequence, deletion analysis and vaccine 
development. Nature 306: 551-7. 
5. Ryan ET, Calderwood SB & Qadri F (2006) Live attenuated oral cholera 
vaccines. Expert Rev Vaccines 5: 483-94. 
6. Taylor DN, Killeen KP, Hack DC, Kenner JR, Coster TS, et al. (1994) 
Development of a live, oral, attenuated vaccine against El Tor cholera. J Infect 
Dis 170: 1518-23. 
7. Kenner JR, Coster TS, Taylor DN, Trofa AF, Barrera-Oro M, et al. (1995) Peru-
15, an improved live attenuated oral vaccine candidate for Vibrio cholerae O1. J 
Infect Dis 172: 1126-9. 
8. Mekalanos JJ & Sadoff JC (1994) Cholera vaccines: fighting an ancient scourge. 
Science 265: 1387-9. 
9. Sears CL & Kaper JB (1996) Enteric bacterial toxins: mechanisms of action and 
linkage to intestinal secretion. Microbiol Rev 60: 167-215. 
10. Harrison LM, Rallabhandi P, Michalski J, Zhou X, Steyert SR, et al. (2008) 
Vibrio cholerae flagellins induce Toll-like receptor 5-mediated interleukin-8 
production through mitogen-activated protein kinase and NF-kappaB activation. 
Infect Immun 76: 5524-34. 
 20
11. Xicohtencatl-Cortes J, Lyons S, Chaparro AP, Hernandez DR, Saldana Z, et al. 
(2006) Identification of proinflammatory flagellin proteins in supernatants of 
Vibrio cholerae O1 by proteomics analysis. Mol Cell Proteomics 5: 2374-83. 
12. Silva TM, Schleupner MA, Tacket CO, Steiner TS, Kaper JB, et al. (1996) New 
evidence for an inflammatory component in diarrhea caused by selected new, live 
attenuated cholera vaccines and by El Tor and O139 Vibrio cholerae. Infect 
Immun 64: 2362-4. 
13. Qadri F, Bhuiyan TR, Dutta KK, Raqib R, Alam MS, et al. (2004) Acute 
dehydrating disease caused by Vibrio cholerae serogroups O1 and O139 induce 
increases in innate cells and inflammatory mediators at the mucosal surface of the 
gut. Gut 53: 62-9. 
14. Dziejman M, Balon E, Boyd D, Fraser CM, Heidelberg JF, et al. (2002) 
Comparative genomic analysis of Vibrio cholerae: genes that correlate with 
cholera endemic and pandemic disease. Proc Natl Acad Sci U S A 99: 1556-61. 
15. Syed KA, Beyhan S, Correa N, Queen J, Liu J, et al. (2009) The Vibrio cholerae 
flagellar regulatory hierarchy controls expression of virulence factors. J Bacteriol 
191: 6555-70. 
16. Klose KE & Mekalanos JJ (1998) Differential regulation of multiple flagellins in 
Vibrio cholerae. J Bacteriol 180: 303-16. 
17. Gardel CL & Mekalanos JJ (1996) Alterations in Vibrio cholerae motility 
phenotypes correlate with changes in virulence factor expression. Infect Immun 
64: 2246-55. 
 21
18. Yoon SS & Mekalanos JJ (2008) Decreased potency of the Vibrio cholerae 
sheathed flagellum to trigger host innate immunity. Infect Immun 76: 1282-8. 
19. Ishii KJ, Koyama S, Nakagawa A, Coban C & Akira S (2008) Host innate 
immune receptors and beyond: making sense of microbial infections. Cell Host 
Microbe 3: 352-63. 
20. Ren T, Zamboni DS, Roy CR, Dietrich WF & Vance RE (2006) Flagellin-
deficient Legionella mutants evade caspase-1- and Naip5-mediated macrophage 
immunity. PLoS Pathog 2: e18. 
21. Molofsky AB, Byrne BG, Whitfield NN, Madigan CA, Fuse ET, et al. (2006) 
Cytosolic recognition of flagellin by mouse macrophages restricts Legionella 
pneumophila infection. J Exp Med 203: 1093-104. 
22. Miao EA, Andersen-Nissen E, Warren SE & Aderem A (2007) TLR5 and Ipaf: 
dual sensors of bacterial flagellin in the innate immune system. Semin 
Immunopathol 29: 275-88. 
23. Viswanathan VK, Hodges K & Hecht G (2009) Enteric infection meets intestinal 
function: how bacterial pathogens cause diarrhoea. Nat Rev Microbiol 7: 110-9. 
24. Rhee SH, Im E, Riegler M, Kokkotou E, O'Brien M, et al. (2005) 
Pathophysiological role of Toll-like receptor 5 engagement by bacterial flagellin 
in colonic inflammation. Proc Natl Acad Sci U S A 102: 13610-5. 
25. Fullner KJ, Boucher JC, Hanes MA, Haines GK, 3rd, Meehan BM, et al. (2002) 
The contribution of accessory toxins of Vibrio cholerae O1 El Tor to the 
proinflammatory response in a murine pulmonary cholera model. J Exp Med 195: 
1455-62. 
 22
26. Brown, II & Hase CC (2001) Flagellum-independent surface migration of Vibrio 
cholerae and Escherichia coli. J Bacteriol 183: 3784-90. 
27. Liu Z, Miyashiro T, Tsou A, Hsiao A, Goulian M, et al. (2008) Mucosal 
penetration primes Vibrio cholerae for host colonization by repressing quorum 
sensing. Proc Natl Acad Sci U S A 105: 9769-74. 
28. Chowdhury MI, Sheikh A & Qadri F (2009) Development of Peru-15 
(CholeraGarde), a live-attenuated oral cholera vaccine: 1991-2009. Expert Rev 
Vaccines 8: 1643-52. 
29. Ramamurthy T, Garg S, Sharma R, Bhattacharya SK, Nair GB, et al. (1993) 
Emergence of novel strain of Vibrio cholerae with epidemic potential in southern 
and eastern India. Lancet 341: 703-4. 
30. Davis BM & Waldor MK (2007) RNase E-dependent processing stabilizes MicX, 
a Vibrio cholerae sRNA. Mol Microbiol 65: 373-85. 
31. Quinones M, Davis BM & Waldor MK (2006) Activation of the Vibrio cholerae 
SOS response is not required for intestinal cholera toxin production or 
colonization. Infect Immun 74: 927-30. 
32. Livak KJ & Schmittgen TD (2001) Analysis of relative gene expression data 
using real-time quantitative PCR and the 2(-∆∆C(T)) Method. Methods 25: 402-
8. 
33. Scott ME, Dossani ZY & Sandkvist M (2001) Directed polar secretion of protease 
from single cells of Vibrio cholerae via the type II secretion pathway. Proc Natl 
Acad Sci U S A 98: 13978-83. 
 
 23
Figure Legends 
Fig 1. Diarrhea in infant rabbits inoculated with Peru-NT (a ctxAB mutant) or one of its 
derivatives.  Rabbits exhibiting severe, mild and no diarrhea are shown in A, B and C 
respectively.  The frequency, with which rabbits infected with the strains exhibited 
diarrhea, as well as statistical analyses of these results, is presented in D.     
 
 
Fig 2. Motility, flagellum and flagellin production in Peru-NT or one of its derivatives.  
(A) The indicated strains were inoculated into 0.3% LB agar and photographed 12 h later.  
Peru-NT (B) or Peru-NT∆flaABCDE (C) were visualized using transmission electron 
microscopy.  Scale bar equals 1 µm. (D) A Western blot of whole cell extracts from the 
indicated strains was probed with 1:4000 dilution of antisera to V. parahaemolyticus 
polar flagellins (33).  
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Fig 3.  Intestinal colonization of Peru-NT or one of its derivatives.  The number of CFU 
in tissue homogenates of the proximal (A), mid (B) and distal (C) small intestine (SI) and 
mid-colon (D) 3 days after inoculation are shown in each graph.  The bar shows the 
geometric mean for each group. 
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Fig 4. Representative micrographs showing the localization of GFP-labeled (green) Peru-
NT (A, C, E) or Peru-NT∆flaABCDE (B, D, F) in the distal small intestine (A-D) or mid-
colon (E, F) 3 days post-inoculation of infant rabbits.  Alexa fluor 568-labeled phalloidin 
(red) was used visualize the F-actin at the epithelial surface and DAPI (blue) was used to 
detect cell nuclei.  In (F) Alexa fluor 633-labeled wheat germ agglutinin (yellow) was 
used to detect mucin-covered digesta.    
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Fig 5.  Relative levels of transcripts for proinflammatory cytokines in homogenates from 
the small (A) and large (B) intestines of infant rabbits inoculated with Peru-NT (gray 
bars) or Peru-NT∆flaABCDE (black bars).  Homogenates were obtained 3 days post-
inoculation. Transcript levels were determined by quantitative real-time PCR and 
normalized to GAPDH cDNA levels. The results are shown as log2 difference relative to 
the levels measured in samples from control rabbits inoculated with buffer. The stars 
indicate statistically significant (P<0.05) different values in Peru-NT and Peru-
NT∆flaABCDE samples. 
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